A sensitive amperometric sensor is developed for selective determination of dopamine based on electrocatalytic activity of graphene-based macroporous carbon aerogel microelectrode. Threedimensional carbon aerogel electrode was synthesized by freeze drying of graphene and multi-wall carbon nanotubes with the assistance of Nifion. The performance and morphology of carbon aerogel electrode were investigated using SEM, XPS, XRD, EDS and electrochemical characterization. The experimental results confirmed that the porous carbon aerogel displayed excellent electrical conductivity and strong electro-catalytic activity towards dopamine oxidation. DA sensor prepared with the carbon aerogels displays rapid and sensitive electrochemical response with a detection limit of 30 nM (S/N = 3). The results of DA determination in real samples verify the feasibility of the porous carbon aerogel and potential application in biosensing and medical diagnosis.
INTRODUCTION
Dopamine (DA) is one of the most important catecholamine neurotransmitters in the mammalian central nerve system, and has a crucial role in renal, central nervous systems as well as human metabolism [1, 2] . Abnormal DA concentration in the brain may result in serious disease, such as parkinson's disease (PD) [3] , schizophrenia and depression [4] . Therefore, the development of sensitive method for the detection of the trace amount of DA in biological system is of extreme importance in the clinical diagnosis and diseases prevention [10] . Hitherto, various analytical methods including high performance liquid chromatography (HPLC) [5] , mass spectroscopy [6, 7] , electrochemical methods [8] and transistor-based sensing [9] have been developed for sensitive detection of DA, especially electrochemical methods attract more attention owing to its fast response, easy operation, noticeable stability, and excellent sensitivity and selectivity. A variety of carbon-based nanomaterials (including graphene, carbon nanotube, carbon fiber and porous carbon) [10] [11] [12] [13] are used for the development of DA sensor, and good results and potential application were verified. These works demonstrate that carbon-based materials have broad development prospects in sensing and medical science.
Three-dimentional (3D) porous carbon materials in forms of foam, sponge and aerogels have been extensively studied and showed bright prospect in many fields including sensor, catalysts, energy storage, flexible electronics and environmental improvement (gas and oil adsorption) owing to their superior performances such as high porosity, light-weight, excellent mass-transfer capability and low dielectric permittivity [14] [15] [16] [17] . Compared with other 3D carbon materials, carbon aerogels not only maintain unique structural merits of graphene sheets but also possess outstanding mechanical strength and electrical conductivity [17] . Since the first report in the 1931 [18] , a variety of methods such as chemical vapor deposition (CVD) [19] , hydrothermal treatment [20] , and thermal reduction [21] have been developed for the synthesis of 3D carbon aerogels. In our previous studies, the 3D carbon aerogel (CAG) was synthesized by freeze drying of the mixture of graphene, MWCNT and Nifion and hydrazine vapor reduction [22] . The obtained reduced CAG (rCAG) displays ultra-low density, high surface area, good electrical conductivity and mechanical properties, which make the carbon aerogels a promising candidate served as chemical biosensor.
In this work, we further improved the synthesis of rCAG and investigated its potential application in chemical sensing. CAG were reduced by using the vapour of hydriodic acid (HI) and applied for the development of DA sensor. The potential application of the sensor in real samples determination was further explored.
EXPERIMENTAL

Chemicals
Hydriodic acid (HI, 55 -58 %), hydrazine monohydrate (> 98 %), multi-walled carbon nanotube (MWCNTs, > 95%, lateral dimension of 8 ∼ 15 nm) and dopamine hydrochloride (DA, 98 %) were purchased from aladdin. Nafion (5 %), PBS (PH = 7.4), ascorbic acid (AA) and uric acid (UA) were obtained from Sigma. Human serum was acquired from local hospital. All chemicals utilized in this work were used as received. GO dispersions were prepared using the modified Hummers' method [23] .
Preparation of 3D carbon aerogels
The 3D carbon aerogels were prepared according to our previous optimized method (as shown in Scheme 1) [22] . GO and MWCNTs were mixed at the ratio of 2 : 1 with a concentration of 10 mg/mL, followed by the addition of different amounts of Nafion to investigate the influence of Nafion on the structures and surface areas of GO/MWCNTs aerogels. The weight ratios of carbon materials (GO and MWCNTs) to nafion were set at 3 : 1, 5 : 1 and 10 : 1. To prepare open porous carbon/nafion aerogel electrodes, the mixtures were firstly extruded into a thin syringe needle with an internal diameter of 1 mm, and then a thin Pt wire acted as electrode was inserted into the needle. After fast freezing in liquid nitrogen and subsequent freeze drying under -80 o C, CAG probe was obtained.
Scheme 1. Preparation of 3D CAG
HI Vapor Reduction
The 3D rCAG were prepared by HI vapor reduction in a sealed container at 100 °C for 1.5 h and vacuum drying at 80 °C for 24 h [24] . After the vapor reduction, the color of CAG was changed from brown to metallic gray, indicating that the materials were reduced.
Characterization of rCAG
The specific surface area of rCAG was measured using a Brunauer Emmett Teller apparatus (BET, Micromeritics, ASAP2020). Scanning electron microscopy (SEM) images were taken by JSM-6510LV, Japan. X-Ray diffraction (XRD) measurements were performed on a Shimadzu diffractometer (XRD-7000, Tokyo, Japan) operating in reflection mode with Cu Kα radiation at a step size of 0.06 per second. X-ray photoelectron spectroscopy (XPS) analysis was performed using a Thermo Scientific Escalab 250Xi (America).
Electrochemical characterization of the rCAG
Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and chronoamperometry were performed using CHI 660 electrochemical workstation (Shanghai Chenhua, China). The rCAG electrodes were used as working electrodes with a platinum sheet served as counter electrode and Ag/AgCl (in 3 M KCl) acted as reference electrode. DA determination was carried out in 10 mL 0.1 M PBS solution (pH = 7.4) and human serum (10 % human serum in PBS). The electrode area was defined as A electrode = πD 2 /2 + πDL, where D is the diameter and L is the length of the rCAG electrode.
RESULTS AND DISCUSSION
Characterization of the CAG
Porous 3D CAG was synthesized according to our previous report, (the ratio of GO and MWCNTs is 2:1 containing 9 % Nafion) [22] . Then the obtained 3D CAG was reduced in a sealed container (containing 50 % HI solution) and heated at 100 ºC for different time, vacuum drying at 80 ºC for 24 hours [24] . The CAG and rCAG were characterized by using scanning electron microscopy (SEM). As shown in Fig.1 , the SEM imaging of CAG displays honeycomb porous structure with size of 10 ~ 20 μm, which is attributed to the cross-linking of Nafion. The specific surface area of CAG was obtained using a BET apparatus (BET, Micromeritics, ASAP 2020) to be about 117.4 m 2 ·g -1 .
When the CAG were reduced in HI vapour for 30 mins, the obtained rCAG still remains complete pore structure ( Fig. 1C and 1D) , and the conductivity of rCAG increased about 22 times. However, if the materials were reduced for one hour, the pore structure of rCAG was seriously destroyed (as shown in Fig. 1B) . The results suggesting that the 3D carbon aerogels reduced in HI vapor have a large surface area and good conductivity. In addition, XPS and XRD were performed to further characterize the surface functional groups and elemental states of the present rCAG. Fig. 2A depicts the XPS spectra of the rCAG at different ratio of Nafion (including C/Nafion = 3 : 1, 5 : 1 and 10 : 1, which was labeled as rCAG3, rCAG5, and rCAG10, respectively). The C1s XPS spectra of the CAG exhibit five apparent peaks centered at 284.6, 285.4, 286.8, 288.5, and 291.2 eV corresponding to C-C, C-O, C=O, -COOR and C-F, respectively [22] . Comparison and analyses of the three C1 spectra, we can see that with the increase of the ratio of C/Nafion from 3 : 1 to 10 : 1, the peak of C-F decrease gradually attributed to the decrease of Nafion concentration. Meanwhile the peaks of C = O and -COOR increase accordingly due to the reduction by HI, which indicates that the rCAG10 isn't reduced completely. From the XRD results in Fig. 2B , we can clearly observe the peak at 25° attributed to the existence of RGO, meanwhile the peak at 10.6° corresponding to GO disappeared after the reduction by HI. The phenomena further confirmed the results of XPS. 
Electrochemical activity of rCAG towards DA
Cyclic voltammetry (CV) was performed to study the electrochemical activity of the rCAG towards DA. As shown in Fig.3 , there is no obvious redox peak is observed on the rCAG, which indicates that it is electrochemically inactive in the potential range. In the presence of DA, a remarkable redox peaks were appeared at 0.18 V (vs. Ag/AgCl), suggesting that rCAG has significant electrocatalytic activity towards DA oxidation. With increase of DA concentration, the currents intensity of oxidation peak increases gradually and shows a linear relationship (I pa = 0.154c + 5.154, R 2 = 0.996, where I pa refers to the peak current of CV curves, C DA refers to the concentration of DA). The result reveals that it is feasible to use the rCAG electrode for DA quantification. Fig 3C shows 6 ] solution (containing0.1M KCl) at different scan rate. D: Plot of the peaks current of rCAG (anodic peak, and cathodic peak) vs. scan rate. The results suggest that the rCAG10 electrode exhibits the highest sensitivity towards DA analysis. Its sensitivity was calculated to be about 2.7 × 10 4 μA·mM -1 ·cm -2 , which is nearly 45 times higher than the results at graphene aerogels electrode made from porous Ni template (619.6 μA·mM -1 ·cm -2 ) [19] .
Effect of the ratio of C/Nafion on DA determination
UA and AA are the most common interferents, which are usually coexisted with DA in biological system and have adjacent redox potentials. Herein, UA and AA were used to compare the catalytic performance of these materials towards DA determination. Fig. 5B, 5D , and 5F display the results of DA response at different electrods in the presence of 200 μM AA and 200 μM UA, which indicate that the presence of AA and UA causes great effect on rCAG3 and rCAG5 electrodes but the effect on rCAG10 is negligible. Hence the rCAG10 electrode is adsorpted for the detection of DA in the following experiment. 
Detection of DA
In order to achieve a higher sensitivity, chronoamperometry was used for DA determination. Fig. 5 shows a typical current-time curve at the rCAG electrode by successive addition of different concentration of DA in 10 mM PBS (pH, 7.4). A gradual increase of current response was observed, and the current signal attains to stable steady within 5s after each addition, indicating a fast response of the proposed sensor. Moreover, the calibration curve in the inset of . Compared with the other DA sensors, the proposed method displays lower detection limit than most of the reported methods (as shown in Table 1 ). Then the anti-interference ability of the proposed DA sensor was explored to evaluate its application in complex system. As shown in Fig. 6A , compared with the current response of 2 µM DA, the response currents of 100 µM KCl, KNO 3 , glucose, NaOH, H 2 O 2 , ascorbic acid (AA), and uric acid (UA) at the rCAG electrode are negligible. This results suggest that these species don't interfere the oxidation of DA on the proposed sensor. In addition, the stability of the sensor towards DA was studied. As shown in Fig. 6B , the addition of DA cause sensitive current response, and current response decreases only 4.5 % of original value after continuous scanning for 2000 seconds, suggesting that the sensor has sufficient stability for DA determination. 
The detection of DA in serum samples
The practical application of the 3D rCAG electrode in real samples were tested by the standard addition method. Prior to DA determination, the serum samples were treated by centrifugation and diluted for 10 times with 10 mM PBS (pH, 7.4). Then different concentration of DA was added for DA assay. From the results in Table 2 we can see that the recoveries of DA assay was in range of 98.6% ~ 103.1%, and the relative standard deviation (RSD) was less than 3.4 %, indicating that the sensor possesses excellent accuracy and repeatability for the DA determination in serum samples. In addition, in order to further confirm the accuracy of the determination, chromatographic analysis was performed and its results were listed in Table 2 . The results indicate that the sensor possesses excellent accuracy and repeatability for the DA determination in serum samples. 
CONCLUSIONS
Porous three-dimensional carbon aerogel materials were synthesized by freeze drying of graphene, MWCNTs and Nafion. The rCAG was prepared by HI vapor reduction. The results of SEM, XPS, XRD and electrochemical response confirmed the porous structure, large surface area and excellent electrocatalytic activity towards DA oxidation. The DA sensor fabricated with the carbon aerogels electrode displayed fast response time, good repeatability, high sensitivity and selectivity, which makes it suitable for the determination of DA in the presence of higher concentration of AA and UA. Furthermore, the results of DA assay in human serum samples verified the feasibility and potential application of the rCAG sensor. This work revealed that this 3D microelectrode can be widely used in biosensing and clinic diagnostics.
